ABSTRACT: Eight ruminally cannulated steers (BW = 753 ± 48 kg) were used to evaluate in situ N, NDF, and DM degradation characteristics of by-product feeds and their application for beef cows consuming low-quality forage. Experimental feedstuffs included (DM basis) 1) extruded-expelled cottonseed meal (ECSM; 33% CP and 55% NDF), 2) extruded-expelled cottonseed meal with linters (ECSML; 25% CP and 41% NDF), 3) dried distillers grains with solubles (DGS; 33% CP and 36% NDF), 4) solvent-extracted cottonseed meal (CSM; 43% CP and 29% NDF), and 5) a blend of 76% wheat middlings with 18% CSM (WMCSM; 23% CP and 40% NDF). Steers were fed chopped prairie hay (4.8% CP, 69% NDF; DM basis) ad libitum and received 0.38 kg/100 kg of BW of WMCSM daily. In situ degradation kinetics of N, NDF, and DM components included the following fractions: A (immediately soluble), B (potentially degradable), and C (undegradable). Calculated rumen degradable protein (RDP) for ECSM was the greatest among all feedstuffs (83.8%; P < 0.01), which was composed of a large A fraction of N (41%). Similar RDP values were observed for DGS and ECSML (50.7 and 50.9%, respectively, P = 0.93). The B fraction N for ECSML was large (88.9%); however, most of this was unavailable for ruminal degradation. The amount of RDP in CSM and WMCSM was similar (78.2 and 73.5%, respectively; P = 0.12) though the A fraction of N was greater for WMCSM compared with CSM (P < 0.01). Degradability of NDF was greatest (P < 0.01) for DGS (67.4%) and was similar (P = 0.48) for WMCSM and CSM (54.5 and 57.0%, respectively). The least degradability of NDF was calculated for ECSM (29.3%; P < 0.01), attributed to greater lignin content (13.3%, DM). Degradability of DM was greatest (P < 0.01) for CSM and WMCSM (63.7 and 59.4%, respectively) and least (P < 0.01) for ECSM (36.5%) and EC-SML (40.6%). Ruminal N degradation characteristics of ECSM were similar to more traditional supplements containing CSM and WMCSM. The RDP for ECSML and DGS N was less compared with other feedstuffs, indicating these feeds may need to be blended with other ingredients containing greater concentrations of degradable N, particularly in situations in which forage RDP is low.
INTRODUCTION
Recent expansion of the biofuels industry has increased the quantity and accessibility of by-product feedstuffs. Presently, large quantities of dried distillers grains with solubles (DGS; 33% CP and 10% fat), a by-product of corn-based ethanol production, are available for beef cattle producers for use in a wide variety of production scenarios. In addition, the production of cottonseed oil for use as a biofuel feedstock has increased. Some modern processing plants have adapted mechanical extracting techniques to remove oil from whole cottonseed. By-products from this processing technique include delinted, extruded-expelled cottonseed meal (ECSM; 33% CP and 6.7% fat; DM basis) or extruded-expelled cottonseed meal with linters (ECSML; 25% CP and 10.1% fat).
It is widely accepted that supplementing relatively small quantities of rumen degradable protein (RDP) is an effective method to maintain BW and condition when forage quality is low (DelCurto et al., 1990a; Marston et al., 1995; Banta et al., 2006; Steele et al., 2007) , and this response is mediated by increases in forage intake and utilization (McCollum and Galyean, 1985; DelCurto et al., 1990b) . Cottonseed meal and wheat middlings (WM) are commonly supplemented individually or in combination as the primary ingredients in commercial feed formulas throughout the Southern Great Plains. Limited evidence suggests that ECSM and ECSML could be similarly used to supply RDP to forage-fed cattle (Meyer et al., 2001) . Conversely, protein from DGS is moderately degradable in the rumen (Waller et al., 1980; Ham et al., 1994; MacDonald et al., 2007) .
Knowledge of the relative degradation characteristics of these feeds is critical to develop efficacious supplements for cattle fed low-quality forage. Therefore, the objectives of this study were to characterize the N, NDF, and DM in situ degradation kinetics of commonly used protein sources alongside by-product feedstuffs derived from the biofuels industry.
MATERIALS AND METHODS
This experiment was conducted in accordance with an approved Oklahoma State University Animal Care and Use Committee protocol.
Production of By-product Feedstuffs
The ECSM used in this study was produced at Hollybrook Cottonseed Processing in Lake Providence, LA. Whole, raw cottonseed was first mechanically delinted and then passed through the extruder (Insta-Pro, Des Moines, IA) for approximately 30 s, reaching a temperature of 121°C. After exiting the extruder, cottonseed meal was pressed (Insta-Pro) for approximately 30 s, and meal temperature upon exiting the press was approximately 104°C. Finally, the meal was ground in a hammer mill to decrease particle size and improve uniformity. Cooling of the meal was achieved by blowing air across the conveyer at room temperature as the meal was transported to storage.
The ECSML used in this study was produced at Motley Mill in Roaring Springs, TX. Whole, raw cottonseed was first extruded (Insta-Pro), reaching a temperature of 121°C, and the temperature upon exiting the press was approximately 104°C. Cooling of ECSML was by air flow and transport to storage room.
The corn dried distillers grains with solubles were produced at East Kansas Agri-Energy in Garnett, KS with 100% of solubles added back to the dried distillers grain. A detailed description of DGS production is provided by Davis (2001) .
In Situ Experimental Procedures
Animals. This experiment was conducted at the Nutrition and Physiology Barn located on the campus of Oklahoma State University. Eight ruminally cannulated crossbred steers (BW = 753 ± 48 kg) were used to evaluate in situ degradation properties of supplemental feedstuffs. Steers consumed chopped prairie hay (5 cm; 4.8% CP, 69% NDF; DM basis) ad libitum and were individually supplemented once daily with 0.38 kg/100 kg of BW of a 76% WM and 18% solvent-extracted cottonseed meal-based supplement (WMCSM) to meet the energy requirements for maintenance and degradable intake protein (NRC, 1996) . Chemical composition of the dietary ingredients fed to steers during the in situ experiment is shown in Table 1 . Steers had continuous access to fresh water. Steers were fed once daily at 0800 h, and were adapted to this diet for 10 d before the initiation of the in situ experiment.
Feedstuffs. The in situ procedures used in this experiment were adapted from Vanzant et al. (1998) . Dacron bags (Ankom Technology, Macedon, NY; 10 × 20 cm, 53 ± 15 μm pore size) were labeled with a waterproof permanent marker, and bag weight was recorded. All samples were ground in a Wiley Mill (model 4, Thomas Scientific, Sweedesboro, NJ) to pass a 2-mm screen before being weighed into a Dacron bag (Ankom Technology). Five grams (as-fed) of WMCSM, solventextracted cottonseed meal (CSM), DGS, ECSM, and ECSML were weighed in duplicate into Dacron bags and were heat sealed. Before ruminal insertion, bags were soaked in tepid water (39°C) for 20 min to remove water soluble fractions and reduce wetting lag time. After the wetting procedure, all bags (except 0 h) were inserted into the ventral rumen under the ruminal mat in a mesh laundry bag in reverse order. Across the 96-h incubation period, bags were inserted at 1900 h on d 1; 1900 h on d 2; 1900 h on d 3; 0700 and 1900 h on d 4; and 0300, 0700, 1100, 1300, 1500, 1700 h on d 5. These times of insertion correspond to incubation times of 96, 72, 46, 36, 24, 16, 12, 8, 6, 4 , and 2 h, respectively. After removal from the rumen, bags were rinsed with 39°C water to remove particles adhering to the outside of the bags, and the 0-h sample bags were rinsed immediately after soaking in tepid water. All bags were then washed in a washing machine on the delicate setting for a 1-min rinse and a 2-min spin cycle, and this sequence was repeated 10 times with maximum load of 100 bags. After rinsing, bags were oven-dried at 50°C for 72 h. Dried sample bags were allowed to equilibrate with atmospheric conditions for 60 min to room temperature before further analysis. Duplicate feed residue samples from each incubation time were composited within individual steer, and subsamples from each composite In situ degradation of by-product feedstuffs were analyzed for DM after drying samples at 100°C for 24 h.
Feed samples and feed residue samples were analyzed for N content using a Leco FP-2000 N Analyzer (Leco Corporation, St. Joseph, MI) and NDF content using an Ankom Fiber Analyzer (Ankom Technology). Feed sample ADF content was determined using an Ankom Fiber Analyzer (Ankom Technology), and feed sample lignin concentration was determined by digesting ADF residue in 72% sulfuric acid for 3 h (AOAC, 1996) . Ether extraction (AOAC, 1996) was used to determine crude fat concentration of feed samples. Nonfiber carbohydrate (NFC) concentration was determined by summing DM concentrations of CP-free NDF, CP, ether extract, and ash, and then subtracting from 100 (NRC, 2001) . Correction for microbial contamination of feed residue samples was performed using the procedures described by Mass et al. (1999) . Briefly, Mass et al. (1999) indicated that rinsing with NDF solution removed potential N associated with the microbial population. To make this correction, samples were rinsed following the described previously NDF procedure before analysis for N using the Leco FP-2000 N Analyzer (Leco Corporation). Nutrient composition of in situ feedstuffs is provided in Table 2 .
Degradation Kinetics. Total N, NDF, and DM residuals were divided into 3 fractions according to ruminal degradation susceptibility. The A fraction was equal to the immediately soluble portion, the portion that was washed out at 0 h; the B fraction was composed of residuals that were degraded at a measurable rate; and the C fraction was the fraction that was still remaining after the 96-h incubation period and was considered to be undegradable. The B fraction was calculated as B = (100% − A − C). Data were fitted to the model described by Mathers and Miller (1981) where extent of rumen degradation was calculated by the following equation:
where K p is the fractional passage rate (calculated experimentally), and K d is the slope of the regression of the natural logarithm of the percentage of the chemical component remaining in the rumen vs. incubation time.
Passage Rate. Passage rate (K p ) was determined by procedures described by Coblentz et al. (2002) . Ruminal contents from 4 of the 8 steers that were used in the in situ study were manually evacuated 2 d after the in situ experiment. Ruminal evacuations were performed before feeding (0 h) and 4 h postfeeding. At each evacuation time, total ruminal contents were weighed, mixed, subsampled in triplicate, and then returned to the rumen. Ruminal subsamples were dried at 55°C for 96 h. Hay and ort samples were collected throughout the study and were dried at 55°C for 48 h in forced-air oven. All dried samples were ground through a Wiley Mill (Thomas Scientific) to pass through a 1-mm screen. Concentration of acid detergent insoluble ash (ADIA) in prairie hay, supplement, orts, and ruminal contents were determined by ashing ADF residues in a muffle furnace at 500°C for 8 h (Van Soest et al., 1991) . Fractional passage rate of ADIA (K p ) was determined by dividing the mean ADIA intake (g/h) by the mean (from the 0-and 4-h ruminal evacuations) ruminal mass of ADIA (Waldo et al., 1972) . The hourly intake of ADIA for each steer was calculated by dividing total daily intake of ADIA by 24 h. Our calculations yielded a mean passage rate of 0.025 ± 0.0055 h −1 from 4 steers. 
Statistical Analyses
Means for feedstuff in situ degradation characteristics were analyzed using GLM procedures (SAS Inst. Inc., Cary, NC) for a randomized complete block design with steers representing the blocking term and feedstuff as the independent treatment variable. When the P-value for the F-statistic was ≤0.05, least squares means were separated using the LSD procedure of SAS (α = 0.05).
RESULTS AND DISCUSSION

Nitrogen Disappearance
Data for N disappearance are presented in Table 3 . Estimated ruminal N degradability of CSM was similar to WMCSM; however, the concentration of N was partitioned differently among measured fractions. Although residual N in the C fraction was similar among WMCSM and CSM (P = 0.82), the A fraction of CSM was less than that of WMCSM (P < 0.01). However, the B fraction of CSM had the most rapid rate of degradation among all feeds tested (P < 0.01). Even though we did not evaluate WM alone, these data suggest that WM may have a greater concentration of A fraction N and slightly slower rate of B fraction N degradation relative to CSM. This was demonstrated by Swanek et al. (2001) who evaluated WM and CSM separately and reported a greater amount of A fraction N for WM vs. CSM and indicated that rate of B fraction degradation was slower for WM compared with CSM.
When steers were fed a high concentrate diet and particulate passage rate was estimated at 0.05 h −1 , Swanek et al. (2001) reported a RDP value for CSM (66.6%) that was less than observed in the present study (78.2%). Similarly, NRC (1996) reports RDP of CSM to be 57% and NRC (2001) reports RDP of CSM to be 52.1% when forage accounts for 50% of DMI. Rate of passage was slower in the present study in which steers were fed low-quality prairie hay, and this likely increased the extent of ruminal N degradation of CSM compared with other published values.
It is recognized that the rate of passage of the concentrate portion of our diet (approximately 20% of DMI) may have differed substantially from the fractional passage rate measured for the total diet. Therefore, we used the equation provided by NRC (2001) to estimate the passage rate of the concentrate portion alone:
where K p is the fractional rate of passage of concentrate particles from the rumen, X 1 is DMI expressed as % of BW, and X 2 is concentrate expressed as a percentage of diet DM. The predicted fractional passage rate was 0.05 h −1 , resulting in a calculated RDP estimate of 64.9% for CSM. Therefore, this 2.5-percentage-unit adjustment in passage rate resulted in a 13.3-percentage-unit change in calculated RDP. Forage quality in our experiment was likely less than that used in experiments used to develop the NRC (2001) ) and that calculated by the previously described equation, 0.05 h −1 . Nevertheless, it appears that NRC (1996, 2001 ) tabular values underestimate the rumen degradability of CSM protein when used as a supplement to low-quality forage diets.
Extruded, expelled cottonseed meal N was highly degradable predominantly due to the greater percentage of A fraction N and moderate rate of B fraction N degradation. Meyer et al. (2001) evaluated the in situ degradation characteristics of extruded cottonseed meal (26% CP, 55% NDF, and 9% ether extract; DM basis) fed to Holstein steers in a total mixed ration and reported an RDP of 79% when passage rate was estimated at 0.05 h −1 . Similarly, when a fractional passage rate of 0.05 h −1 was applied to our data, RDP of ECSM 1 WMCSM = wheat middling and solvent-extracted cottonseed meal; CSM = solvent-extracted cottonseed meal; DGS = dried distillers grains with solubles; ECSM = extruded, expelled cottonseed meal-based supplement that has been delinted; and ECSML = extruded, expelled cottonseed meal-based supplement with linters.
was estimated at 76.1%. These N degradation properties indicate ECSM can be substituted for CSM or WM or both to meet the requirements for degradable intake protein of beef cows when forage N is limited. When beef cows consuming low-quality hay were supplemented with equal amounts of CP from ECSM, WMCSM, or CSM, change in cow BW and BCS was similar among the 3 experimental supplements (Winterholler et al., 2008) . These results indicate that RDP of ECSM was similar to that of the traditional feedstuffs (WMCSM and CSM) and fulfilled the RDP requirements of the cow, or that the extent of N recycling was great enough to overcome a deficiency in RDP (Krehbiel and Ferrell, 1999) .
The N degradation kinetics of DGS most closely followed ECSML because RDP was relatively low for DGS and ECSML, although N components were different. Compared with other feedstuffs evaluated, N in the A fraction of ECSML was moderate to low but was greater (P < 0.01) for DGS. Additionally, B fraction N was greater for ECSML (P < 0.01) than DGS, but rate of B fraction N degradation was similar (P = 0.38) and was the slowest (P < 0.01) among all feedstuffs. Also, DGS had the greatest percentage of N remaining in the C fraction (P < 0.01). The observed RDP for DGS (50.7%) was in agreement with Waller et al. (1980) , Firkins et al. (1984), and MacDonald et al. (2007) who reported RDP values of 54, 47, and 49%, respectively, for DGS. Applying a fractional passage rate of 0.05 h −1 to our data resulted in a calculated RDP for DGS of 40.9%. Aside from the potential effects of processing to change the physical properties of DGS, the low RDP of DGS is highly attributable to resistance of the major corn protein source, zein, to rumen degradation (Little et al., 1968) . To our knowledge, there is no literature available to compare our in situ values with ECSML. However, chemical analysis of a similar product obtained from The Center for Feed Industry Research and Education (Lubbock, TX) indicated a rumen undegradable protein value of 55 or 45% RDP (DM basis), which is similar to our RDP calculation.
Disappearance of NDF and Calculations for TDN
Data for NDF disappearance are presented in Table  4 . The NDF degradation properties of WMCSM were similar to CSM because more than one-half of the total NDF disappearance was represented by the A fraction, and NDF degradability among these 2 feeds was similar (P = 0.48) and was intermediate relative to the other feedstuffs evaluated. The concentration of NDF in the B fraction was similar for WMCSM and CSM, although B fraction rate of degradation was faster for CSM (P < 0.01).
Degradability of NDF was the greatest (P < 0.01) for DGS, due partially to the most rapidly degraded B fraction (P < 0.01). The A fraction of DGS was similar (P = 0.11) to CSM and was also similar (P = 0.14) to ECSML. For B fraction NDF, DGS was similar to WMCSM (P = 0.12). Similar to our findings, Varga and Hoover (1983) reported extent of NDF degradation of DGS was 76.6%.
Degradation properties of NDF for ECSML most closely followed WMCSM, although NDF degradability was greater (P < 0.01) for WMCSM compared with ECSML. This can be partially explained by NDF remaining in the C fraction because it tended (P = 0.06; SEM = 0.02) to be greater for ECSML (32.2%) compared with WMCSM (26%). These values indicate that the degradation properties of the fiber portion of the linters associated with ECSML are highly degradable and similar to rapidly degraded fiber portions of WM. Also, it is apparent that, when compared with the fiber portion of the seed coat, the linters are more highly degradable, as evidenced by a greater degradability of NDF for ECSML compared with ECSM. Means within a row with different superscripts differ (P ≤ 0.05).
1 WMCSM = wheat middling and solvent-extracted cottonseed meal; CSM = solvent-extracted cottonseed meal; DGS = dried distillers grains with solubles; ECSM = extruded, expelled cottonseed meal-based supplement that has been delinted; and ECSML = extruded, expelled cottonseed meal-based supplement with linters.
Among the feeds tested, the largest C fraction of NDF was present in ECSM (P < 0.01), which resulted in the least degradability of NDF (P < 0.01). This low value is likely a reflection of the greater lignin concentration of the sample (13.3%, DM).
As reported in Table 2 , TDN values of each of these feeds were calculated using our values for NDF degradation, chemical compositional data, and the summative equations of the NRC (2001). The published value for CSM from NRC (1996) is 75% and similar to our calculated value, whereas NRC (2001) reports a TDN value of 66.4%. The TDN of DGS was also similar to the NRC (1996) value of 88%, but greater than the NRC (2001) value of 79.5%. Variability in TDN within these common feedstuffs could be caused by several factors, including but not limited to variation in chemical composition among feed samples, variation in the basal diet for which a feed is being evaluated (Swanek et al., 2001) , methods used to estimate TDN (Weiss, 1998) , variation among laboratories and for by-product feedstuffs, and variability among and within processing plants (Spiehs et al., 2002) .
We are not aware of other published values for ECSM and ECSML TDN. An important implication from these calculations was that TDN of ECSM was reduced due to greater concentration of indigestible fiber and decreased concentration of NFC. When cattle are fed forage low in CP and TDN, ECSM should be an effective supplemental protein source, although its direct contribution to the energy status of the animal will be minimal.
Disappearance of DM
Data for DM disappearance are presented in Table  5 . Degradability of DM was similar (P = 0.11) for WMCSM and CSM and greater (P < 0.01) than the other feeds tested. A greater percentage of DM was found in the A fraction of WMCSM than CSM (P < 0.01). Perhaps this is a reflection of the greater concentration of NFC in WMCSM, which is assigned a true digestibility value of 98% in the summative equation of the NRC (2001). However, the greater concentration of A fraction DM in WMCSM was offset by reduced concentration of B fraction DM (P < 0.01), which was degraded at a slower rate compared with CSM (P < 0.01). The unavailable C fraction was similar (P = 0.27) among WMCSM, CSM, and DGS. In situ ruminal DM degradability of DGS was less than WMCSM and CSM (P < 0.01) but greater than ECSM and ECSML (P < 0.01). Partitioning of DM in the B fraction of DGS was the greatest among feedstuffs (P < 0.01). Rate of degradation of the B fraction of DGS was slower than CSM, but more rapid than the other feeds tested (P < 0.01). Perhaps DGS NFC is moderate to low in ruminal degradability considering the moderate DM degradability and relatively high NDF degradability reported here.
Degradability of DM was least (P < 0.01) and similar for ECSM and ECSML, although the DM degradation characteristics of these feeds were different. Extruded, expelled cottonseed meal had the least (P < 0.01) concentration of A fraction DM of all feeds tested. It is interesting to note that most of the A fraction DM would have been represented by rapidly degradable CP in ECSM and rapidly degradable NDF in ECSML. There was more DM in the B fraction of ECSM vs. ECSML (P < 0.01). Rate of degradation of the B fraction was similar among the 2 feeds (P = 0.14). Also, C fraction DM was similar (P = 0.96) for ECSM and ECSML, which was greater (P < 0.01) than any of the other experimental feedstuffs. Although in situ DM disappearance was similar for ECSM and ECSML, TDN was greater for ECSML. This difference is largely attributed to the greater degradable fiber portion of ECSML.
In summary, N degradation characteristics of ECSM indicate it has value as a complement for low-quality forage because it is a rich source of RDP but is moder- (Mathers and Miller, 1981) . Ruminal particulate passage rate (K p ) was 2.5%/h, determined experimentally. K d = the slope of the regression of the natural logarithm of the percentage of the chemical component remaining in the rumen vs. incubation time.
ate to low in energy contribution. Low-quality forage supplementation with ECSML and DGS may result in deficiencies in degradable intake protein because RDP was less for these feeds compared with traditionally used protein supplements. Depending on the potential amount of N recycling by the ruminant, these feeds may need to be blended with other products high in RDP to meet the RDP requirements of cattle consuming low-quality forage.
